؉ T cells and the cytokine gamma interferon (IFN-␥) are persistently present in trigeminal ganglia (TG) harboring latent HSV-1. We define "latency" as the retention of functional viral genomes in sensory neurons without the production of infectious virions and "reactivation" as a multistep process leading from latency to virion assembly. CD8
During primary infection, herpes simplex virus type 1 (HSV-1) invades sensory neurons and is transported to neuronal cell bodies in sensory ganglia, where the viral genomes are retained in a latent (nonreplicating) state (30) . In humans and some animal models, HSV-1 periodically reactivates from latency without overt stimuli (13, 17) . With mice, this "spontaneous" HSV-1 reactivation from latency and shedding have not been demonstrated (38) . However, a variety of stimuli, including physical and emotional stress, hyperthermia, and UV irradiation, are associated with HSV-1 reactivation from latency in mice, rabbits, guinea pigs, and humans (26, 27) .
HSV latency is classically defined as the retention of a complete viral genome without the production of infectious virions; this definition accommodates the possible expression of a limited array of viral lytic genes while maintaining latency. This definition is accepted for other members of the herpesvirus family, all of which express some viral lytic cycle genes during latency (14, 25) . The popular concept that HSV-1 latency is characterized by a complete lack of lytic gene expression has been called into question by several recent studies. Limited expression of HSV-1 lytic gene transcripts and proteins (the immediate-early [IE] ␣ gene, ICP4, and the ␤ genes encoding ICP8 and thymidine kinase) has been detected in mouse sensory ganglia that lack detectable infectious virions (9, 16, 19) . Thus, at any given time, a latent viral genome might be at different stages in the process of reactivation, but full reactivation does not occur until virion assembly is complete. The factors that determine whether the initiation of the reactivation process will lead to virion formation and emergence from latency are largely unknown.
Several recent studies have suggested a role for host immunity in suppressing viral gene expression in latently infected neurons. Leukocytes, including CD4 ϩ and CD8 ϩ T cells, infiltrate the trigeminal ganglia (TG) during primary HSV-1 infection and remain in close apposition to infected neurons for prolonged periods after latency is uniformly established (5, 20) . Moreover, cytokines, including gamma interferon (IFN-␥), tumor necrosis factor alpha, and interleukin-6, appear to be continuously present in latently infected mouse TG (5, 11, 33) . The tightly regulated production of these cytokines implies a persistent stimulation of the immune system in latently infected ganglia in the apparent absence of full reactivation. The concept of persistent immunologic monitoring of latently infected neurons received further support from the recent observations that CD8 ϩ T cells specific for an epitope on the viral lytic gene product glycoprotein B (gB) (i) are retained in latently infected sensory ganglia, (ii) uniformly express an activation phenotype, (iii) form an apparent immunologic synapse with neurons, and (iv) can block full reactivation of HSV-1 from latency in ex vivo TG cultures (15, 19) . These findings, combined with the detection of viral lytic gene transcripts and proteins in latently infected ganglia, suggest that certain viral lytic gene products (including gB) are consistently or intermittently expressed in latently infected mouse ganglia.
The effector mechanisms employed by CD8 ϩ T cells to inhibit HSV-1 reactivation have not been fully defined, but our previous data identified IFN-␥ as a potential contributing mechanism (18) . Although HSV-1-specific CD8 ϩ T cells could completely block HSV-1 reactivation from latency in single cell cultures of freshly excised latently infected TG (19) , IFN-␥ was not able to block reactivation in these cultures. However, IFN-␥ did reduce the number of foci of reactivation (areas of cytopathic effect [CPE] ) within these cultures, suggesting that IFN-␥ can block the reactivation process in some, but not all, latently infected neurons and that IFN-␥ is not the only effector molecule employed by CD8 ϩ T cells to inhibit HSV-1 reactivation from latency. The studies detailed herein confirm the differential susceptibility of reactivating neurons to IFN-␥ and define stages in HSV-1 reactivation from latency that are blocked by IFN-␥.
MATERIALS AND METHODS

Construction of promoter-EGFP viruses.
Two recombinant HSV-1 strains expressing enhanced green fluorescent protein (EGFP) from viral promoters were produced for this study (RE-pICP0-EGFP and RE-pgC-EGFP). Both viruses were created in the HSV-1 RE background and are null mutants at the gC locus. For the construction of RE-pgC-EGFP, a cloned PstI-EcoRI fragment (positions 95811 to 96789 in the wild-type [WT] HSV-1 genome, containing the gC promoter and the first part of the gC open reading frame) was used with the puc8 plasmid (a kind gift of N. DeLuca, University of Pittsburgh). The polylinker sites were removed by collapsing the sequences between the PstI and HindIII sites. An NheI-XbaI fragment derived from pEGFP-N1 (Clontech, Palo Alto, CA) was then inserted into the unique NheI site located at the sequence encoding residue 6 of gC, resulting in an in-frame placement of the EGFP gene immediately following the sequence for the first six gC residues. This plasmid was linearized and cotransfected with purified HSV-1 RE DNA into Vero cells using calcium phosphate coprecipitation, and progeny viruses with EGFP driven by the native gC promoter were identified by fluorescence and plaque purified.
To derive RE-pICP0-EGFP, a 707-bp StuI-NcoI ICP0 fragment containing the ICP0 promoter and introns (positions 1553 to 2259 in the WT genome) was ligated into the gC-EGFP vector cut with HindIII, blunt ended, and digested with NcoI. These sites were in the polylinker N-terminal to the EGFP coding sequences and resulted in the placement of the ICP0 promoter downstream of the gC promoter driving EGFP. The virus was derived as described above and then plaque purified, and the insertion of the ICP0 promoter-EGFP coding sequence in the disrupted gC locus was confirmed by Southern blotting. The 707-bp ICP0 promoter contains all known promoter elements required for ICP0 transcription, including the six upstream TAATGARAT-like sequences.
All viruses were grown in Vero cells. Intact virions were purified on OptiPrep gradients according to the manufacturer's instructions (Accurate Chemical & Scientific Corp., Westbury, NY) and quantified as PFU on Vero cell monolayers.
In vitro replication kinetics. Slightly subconfluent monolayers of Vero cells were infected with WT HSV-1 RE, RE-pICP0-EGFP, or RE-pgC-EGFP at a low multiplicity of infection (MOI) (0.01 PFU/cell) or a high MOI (10 PFU/cell). Cells and supernatants were harvested at 4, 8, 12, 24 , and 48 h postinfection (p.i.) for the high MOI and at 4, 24, and 48 h p.i. for the low MOI and then subjected to three freeze-thaw cycles. The titers of each virus at given time points were quantified on Vero cell monolayers.
Analysis of EGFP expression in vitro. Confluent monolayers of Vero cells were infected at an MOI of 10 PFU/cell for 1 h with either RE-pICP0-EGFP or RE-pgC-EGFP. Infection was done in the presence of medium alone or medium containing either 150 g/ml of cycloheximide or 400 g/ml of phosphonoacetic acid (PAA). Following 1 h of incubation, virus-containing media were removed and replaced with the same drug treatments.
For cycloheximide reversal experiments, after 6 h of incubation with 150 g/ml of cycloheximide, the medium was removed, the monolayers were washed three times, and medium without cycloheximide but containing 15 g/ml of actinomycin D was added. Monolayers were incubated for two more hours in this actinomycin D-containing medium.
For PAA treatment, the drug was present during the entire 12-h incubation period. All samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon-P membranes. This was followed by immunoblotting with anti-EGFP antibodies (Affinity Bioreagents, Golden, CO) and secondary detection using West Dura reagents (Pierce Biotechnology, Inc., Rockford, IL). A parallel gel was fixed and stained with Coomassie brilliant blue.
Mice. Six-to 8-week-old female BALB/c mice (Frederick Cancer Research Center, Frederick, MD) were anesthetized by the intramuscular injection of 2.0 mg of ketamine hydrochloride and 0.04 mg of xylazine (Pheonix Scientific, St. Joseph, MO) in 0.2 ml of Hanks buffered salt solution (BioWhittaker, Walkersville, MD). The right eye corneas were scarified 10 times in a crisscross fashion with a sterile 30-gauge needle, and HSV-1 (10 5 PFU/3 l of RPMI [BioWhittaker]) was applied topically.
Preparation of TG cultures. On day 35 after HSV-1 corneal infection, the ipsilateral TG were excised, treated with collagenase type I (40 U/TG; SigmaAldrich, St. Louis, MO) for 1.5 h at 37°C, and dissociated into a single-cell suspension by trituration. The cells from multiple TG were pooled and counted. TG cell suspensions were depleted of CD8 ϩ T lymphocytes alone or of all infiltrating bone marrow-derived (CD45 ϩ ) cells by immunomagnetic separation using magnetic beads (six beads/cell) coated with a monoclonal antibody to CD8␣ or CD45 (Dynal ASA, Oslo, Norway), as previously described (18) . The efficiency of depletion was Ͼ98%, as determined by immunofluorescence staining for CD8␣ or CD45. Following immunomagnetic separation, an overall reduction in cell numbers in the TG cell suspensions was observed, and adjustments to the preseparation neuron density were made. The equivalent number of cells from 1/10 of a TG was added to each well of a 96-well tissue culture plate and incubated with 200 l of Dulbecco's modified Eagle's medium (BioWhittaker) containing 10% fetal calf serum (HyClone, Logan, UT) and 10 U/ml of recombinant murine interleukin-2 (R&D Systems, Inc., Minneapolis, MN). Recombinant mouse IFN-␥ (rmIFN-␥; 1,000 WHO units/ml [1.2 g/ml]; R&D Systems) was added to half of the cultures. The IFN-␥ preparation used for the studies was certified by the manufacturer to be below the level of detection for endotoxin. The cultures were examined daily for 10 days by confocal microscopy for the expression of EGFP in neurons and surrounding fibroblasts. Preliminary studies demonstrated that nondepleted TG cultures and cultures that were mock depleted with magnetic beads coated with an irrelevant antibody exhibited identical reactivation frequencies and numbers of EGFP-positive neurons. After establishing this fact, only TG cells that were depleted of CD8 ϩ T cells or CD45 ϩ cells were used in the studies. RNA extraction. TG were excised 35 days after corneal infection with HSV-1 RE-pICP0-EGFP, depleted of CD8 ϩ T cells, and cultured in the presence of rmIFN-␥ as described above (1/10 TG/well in a 96-well plate). After 6 or 10 days of culture, the supernatants were removed and assayed for infectious virus by a standard virus plaque assay. Lysates from five TG cultures were pooled, and total RNA was extracted using RNeasy columns (QIAGEN, Valencia, CA) according to the manufacturer's instructions. During purification on RNeasy columns, RNA samples were treated with DNase I to reduce contaminating viral DNA. The RNAs were then additionally digested with RNase-free DNase I using a DNA-free kit (Ambion Inc., Austin, TX). cDNAs were generated from either 150 or 300 ng of total RNA using a high-capacity cDNA archive kit (Applied Biosystems Inc.
[ABI], Foster City, CA) according to the manufacturer's instructions.
Real-time PCR analysis. Quantitative real-time PCR assays were performed using reagents from Applied Biosystems Inc. (ABI). An ABI Prism 7700 sequence detector was used, running 96-well plates with 50 l/well. For instrument control and data analysis, we used the default settings of ABI Primer Express v. 1.5a software. Each assay comprised triplicate measurements of both cDNAs and a control (no reverse transcriptase [RT]) at 7.5 or 15 ng per well. Samples were mixed with the appropriate primer-probe set and TaqMan Universal PCR master mix (Roche, Branchburg, NJ). Primer-probe sets for the mouse housekeeping gene encoding pyruvate carboxylase (PC) and for the viral transcripts encoding ICP4, ICP0, and gH were designed and custom synthesized by the ABI Assaysby-Design service. The sequences were as follows: for ICP4, forward primer (5Ј-GCAGCAGTACGCCCTGA-3Ј), reverse primer (5Ј-TTCTGGAGCCACC CCATG-3Ј), and probe [5Ј-(FAM)CACGCGGCTGCTGTACA(NFQ)-3Ј]; for ICP0, forward primer (5Ј-CACCACGGACGAGGATGAC-3Ј), reverse primer (5Ј-CGGCGCCTCTGCGT-3Ј), and probe [5Ј-(FAM)ACGACGCAGACTACG (NFQ)-3Ј]; and for gH, forward primer (5Ј-CGACCACCAGAAAACCCTCTT T-3Ј), reverse primer (5Ј-ACGCTCTCGTCTAGATCAAAGC-3Ј), and probe
For assay validation of each primer-probe set, cDNA or a no-RT control from infected tissue (from HSV-1 RE-infected mouse TG on day 3) was used to generate a standard curve of the change in cycle threshold (⌬C T ) versus the log(ng cDNA/well) for the range of 0.1 to 100 ng/well. Three separate analyses gave correlation coefficients and PCR efficiencies (means Ϯ standard deviations) as follows: for ICP4, R 2 ϭ 0.989 Ϯ 0.007 and efficiency ϭ 97% Ϯ 5%; for ICP0, R 2 ϭ 0.991 Ϯ 0.005 and efficiency ϭ 99% Ϯ 2%; for gH, R 2 ϭ 0.992 Ϯ 0.006 and efficiency ϭ 98% Ϯ 2%; and for PC, R 2 ϭ 0.989 Ϯ 0.006 and efficiency ϭ 105% Ϯ 3%.
Analysis panels comprising all four primer-probe sets were performed using material from 15 distinct biological samples (five TG preparations from group 1, group 2, and group 3 cultures [as defined in Results]). Some samples were subjected to multiple parallel processing to verify the reproducibility of the entire procedure. A strong correlation was observed between analysis panels from parallel extractions for samples with high levels of viral transcripts (group 3 cultures), with R 2 values of 0.997 and 0.987 when assayed in the same plate and 0.940 when assayed in different plates. For samples with low levels of viral transcripts (group 1 and 2 cultures) assayed in different plates, R 2 was 0.896 Ϯ 0.017 (n ϭ 3). The PC data consistently showed low (no RT) control levels, which were undetectable (i.e., C T ϭ 40) in 59 of 61 measurements. The C T values for PC successfully distinguished the 18 assays run at 15 ng/well (mean C T ϭ 25.4 [2.3-fold more material]) from the 5 assays run at 7.5 ng/well (mean C T ϭ 26.6). After PC correction, duplicate or triplicate analysis panels were averaged. We considered samples with a C T of 40 to lack transcripts and expressed the relative amounts of transcripts in samples as 40 -C T .
The ICP4 and gH genes are intronless, and their primer-probe sets cause a measurable amplification of contaminating viral DNAs in no-RT controls, while the primer-probe set for ICP0 crosses an intron-exon boundary and results in no-RT control levels that are low or undetectable. For all three transcripts, we elected to treat the no-RT controls as a separate group.
Statistics. The differences in replication rates between WT HSV-1 RE, REpICP0-EGFP, and RE-pgC-EGFP were determined by Student's t test. For each viral transcript, PC-corrected data were pooled from all experiments and analyzed using Student's Newman-Keuls test (t test among multiple sample groups). The significance of differences in numbers of EGFP-expressing neurons (that did and did not proceed to full reactivation) and in reactivation rates between rmIFN-␥-and medium-treated TG cultures were determined using pooled data in Fisher's exact test.
RESULTS
Replication kinetics in vitro. gC deletion mutants replicate normally in cell cultures (36) . At both a high MOI (not shown) and a low MOI (Fig. 1) , RE-pICP0-EGFP and RE-pgC-EGFP replicated to similar degrees and were only slightly compromised relative to WT virus (only at 24 h p.i. were the differences in replication rates between the WT virus and EGFPexpressing viruses statistically significant), indicating that there were no additional defects in these viruses.
Analysis of EGFP expression in vitro. The 707-bp ICP0 promoter in RE-pICP0-EGFP contains all known promoter elements required for ICP0 transcription. Accordingly, an analysis of EGFP protein expression from this promoter confirmed that EGFP is subject to IE gene regulation. As shown in Fig. 2 (top panel) , EGFP was expressed in the presence of the viral DNA synthesis inhibitor PAA but could not be detected when protein synthesis was blocked by cycloheximide. EGFP was detected after cycloheximide removal and incubation in the presence of actinomycin D (which blocks de novo RNA transcription), as shown in lanes 6 and 7. Thus, the ICP0 promoter in RE-pICP0-EGFP is expressed as a true IE gene. In RE-pgC-EGFP, the EGFP coding sequence is inserted immediately after the coding sequence for the first six residues of gC, thus leaving the gC promoter in its natural context in the viral genome. As expected (Fig. 2, middle panel) , EGFP expressed from the native gC promoter was not detected in the presence of either PAA or cycloheximide or after cycloheximide reversal. Thus, EGFP was expressed from the gC promoter as a true late (␥2) gene (Fig. 2, middle panel) .
Analysis of viral gene expression. TG were excised from mice 35 days after HSV-1 corneal infection with the recombinant HSV-1 strain RE-pICP0-EGFP or RE-pgC-EGFP. TG were dispersed into single-cell suspensions, depleted of either CD8 ϩ T cells alone or of all infiltrating bone-marrow-derived Our preliminary studies demonstrated that each latently infected mouse TG contains two to six neurons that proceed to full HSV-1 reactivation in ex vivo TG cultures. Accordingly, the cells from each TG were dispersed into 10 separate cultures. The TG cultures were examined daily by fluorescence microscopy for EGFP expression from the ICP0 or gC promoter.
Based on the outcome of daily observations over a 10-day period, the cultures could be divided into three groups. Group 1 cultures never exhibited EGFP-positive cells and were deemed to have no promoter activity (Fig. 3A) . When combined supernatants and cell homogenates of group 1 cultures were added to monolayers of Vero cells, no viral CPE was observed. The latter observation confirms that detectable EGFP expression from the ICP0 or gC promoter always precedes the production of infectious virions, that our recombinant virus is not contaminated with WT virus, and that reversion to the WT does not occur during the establishment of latency.
Group 2 cultures (Fig. 3B ) contained neurons that expressed the gC or ICP0 promoter, but HSV-1 did not fully reactivate. In group 2 cultures, neurons expressed EGFP for 1 to 9 days, but EGFP never spread to surrounding fibroblasts. No culture contained more than one EGFP-positive neuron, and in cultures containing neurons that transiently expressed EGFP, reexpression never occurred (i.e., the same neuron never reexpressed EGFP from the ICP0 promoter, nor did a second neuron within the same culture initiate ICP0 promoter activity). The EGFP in the nonreactivating neurons was restricted to the somata of the cells. The combined supernatants and cell homogenates from group 2 cultures failed to produce viral CPE on Vero cell monolayers.
Group 3 cultures (Fig. 3C and D) contained neurons that exhibited ICP0 or gC promoter activity and progressed to full reactivation with virion formation and release. For the purpose of this paper, the term "reactivation" refers to virion formation with spread to surrounding cells, as illustrated in group 3 cultures. In group 3 cultures, EGFP always spread from a neuron to surrounding fibroblasts within 24 h of initial detection (Fig.  3C) . It was interesting that EGFP filled the axons just prior to virus spread from a neuron to surrounding fibroblasts (Fig.  3D) .
Data are presented for EGFP expression and reactivation from latency in TG neurons during the first 10 days in culture. After 10 days, the cultures became overgrown with fibroblasts and the cells began to lift off the surface of the culture dish. Although we consider the data generated after 10 days in culture to be suspect, we did follow the cultures out to 20 days and never observed the initiation of virus production beyond day 10. Thus, we tentatively concluded that all reactivationcompetent neurons reactivate within the first 10 days in culture. We also found that observing the spread of EGFP from neurons to surrounding fibroblasts is a more sensitive means of monitoring reactivation than a plaque assay (data not shown).
IFN-␥ inhibits full reactivation of HSV-1 from latency in ex vivo TG cultures. The TG cultures described above were used to assess the capacity of IFN-␥ to inhibit HSV-1's process of reactivation from latency. The incidence of HSV-1 reactivation (group 3 cultures) when latently infected TG were cultured with medium alone was 23%, 35%, and 35%, respectively, for RE-pICP0-EGFP-infected TG depleted of either CD8 ϩ T cells (Fig. 4A) or CD45 ϩ cells (Fig. 4B ) and RE-pgC-EGFP-infected TG depleted of CD8 ϩ T cells (Fig. 4C ). The addition of IFN-␥ to the cultures reduced the frequency of full reactivation by 50%, confirming our hypothesis that IFN-␥ can directly inhibit the process of HSV-1 reactivation from latency in some neurons, whereas HSV-1 reactivation in other neurons is refractory to IFN-␥.
IFN-␥ inhibits reactivation in part by blocking ICP0 gene expression. Since IFN-␥ has been shown to inhibit the expression of ICP0 during a lytic infection of nonneuronal cells (12, 34) , we sought to determine if the inhibition of HSV-1 reactivation from latency in neurons is associated with reduced ICP0 promoter activity. TG were excised from mice 35 days after a corneal infection with RE-pICP0-EGFP, depleted of CD8 ϩ T cells or CD45 ϩ cells, and cultured in the presence or absence of IFN-␥. As illustrated in Fig. 5 , IFN-␥ significantly reduced the number of neurons that initiated EGFP expression from the ICP0 promoter (i.e., fewer group 2 and 3 cultures). Again, FIG. 3 . Thirty-five days after corneal infection with RE-pICP0-EGFP or RE-pgC-EGFP, TG were excised, the cells were dispersed with collagenase and depleted of CD8 ϩ T cells or CD45 ϩ cells, and the remaining cells from each TG were distributed evenly into 10 wells of a 96-well plate. The cultures were incubated with or without 1,000 U/ml of rmIFN-␥ and examined daily for 10 days by fluorescence microscopy for EGFP expression from the viral promoters. Three different outcomes are depicted: group 1 (A), no viral promoter activity (EGFP expression) detected; group 2 (B), stable or transient promoter activity detected in neurons, but no virus released to surrounding cells (note that EGFP was restricted to the somata, short neurites, and growth cones); and group 3 (C and D), viral promoter activity detected as EGFP expression in neuronal somata and long axons (C) spread within 24 h to surrounding fibroblasts (D). Magnification, ϫ20.
the effect was independent of the presence of CD8 ϩ T cells (Fig. 5A ) or other inflammatory cells (Fig. 5B) .
IFN-␥ blocks an event downstream of ICP0 promoter expression. As described above, IFN-␥ reduced but did not completely eliminate ICP0-EGFP gene expression in latently infected neurons (Fig. 5) . Interestingly, in neurons that did express the ICP0 promoter, IFN-␥ significantly inhibited the progression to full reactivation and virion formation (group 2 cultures) (Fig. 6) .
IFN-␥ blocks gC promoter expression as well as a step in the reactivation process that occurs after gC promoter expression. Although the capacity of ICP0 to regulate HSV-1 late gene expression during reactivation from latency in neurons is unproven, we hypothesized that the reduced ICP0 promoter activity in IFN-␥-treated cultures would be associated with a similar reduction in gC promoter activity. Moreover, since IFN-␥ blocked a step in reactivation after ICP0 expression, it was of interest to determine if the blocked event occurred before or after the expression of the ␥2 gene encoding gC. TG were excised from mice 35 days after a corneal infection with RE-pgC-EGFP, depleted of CD8 ϩ T cells, and cultured in the presence or absence of IFN-␥. As illustrated in Fig. 7A , IFN-␥ significantly reduced the number of neurons that expressed EGFP from the gC promoter. Again, the effect was independent of the presence of CD8 ϩ T cells. A more surprising observation in these studies was that IFN-␥ could block reactivation from latency and virus release from neurons in which the gC promoter was active (Fig. 7B) . IFN-␥ treatment significantly increased the number of neurons exhibiting a persistent . This observation suggests that IFN-␥ can inhibit a step in reactivation that occurs after the expression of viral ␥2 structural genes. Again, EGFP expression persisted for 1 to 9 days without virus spread to surrounding fibroblasts and was restricted to the somata of the neurons. HSV-1 ␣ and ␥2 gene transcripts in the absence of full reactivation. The observation that the promoters for the ␣ gene (ICP0) and the ␥2 gene (gC) are active in neurons that do not produce infectious virions suggested that an analysis of viral transcripts in group 2 cultures was warranted. Accordingly, mouse TG were excised 35 days after a corneal infection with HSV-1 RE-pICP0-EGFP, the cells were dispersed with collagenase and depleted of CD8 ϩ T cells, and cultures were prepared as described above and supplemented with IFN-␥. All cultures were monitored and assigned to group 1 (no promoter activity), group 2 (promoter activity but no reactivation), or group 3 (reactivation) as described above. RNAs were extracted from pooled cells obtained from group 1, group 2, and group 3 cultures, reverse transcribed or not, and then subjected to quantitative real-time PCR using primers and probes specific for ICP4 (sensitivity, 10 2 copies), ICP0 (sensitivity, 10 2 copies), gH (sensitivity, 10 0 copies), and the cellular control gene PC.
Two interesting observations emerged from the resulting data (Fig. 8) . First, observation of EGFP expression from the ICP0 promoter was as sensitive as real-time PCR for detecting ICP0 gene expression. Thus, ICP0 transcripts were only detectable in group 2 and group 3 cultures containing EGFPpositive cells. Second, and most importantly, ICP0, ICP4, and gH transcripts were readily detectable in group 2 cultures containing ICP0 promoter-positive neurons that did not produce infectious virions. In contrast, ICP0 and gH transcript levels were below the sensitivity of our assay in group 1 cultures that lacked ICP0 promoter activity. A very low, but statistically significant, level of ICP4 transcripts was detected in the group 1 cultures. These findings provide strong evidence that IFN-␥ can maintain HSV-1 in a latent state in neurons (as defined by a lack of virion formation) in the presence of HSV-1 ␣ and even ␥2 gene expression and may inhibit virus production at a very late stage of the viral cycle in neurons. The very low level of ICP4 transcripts in neurons that lack ICP0 transcripts does not result in detectable ␥2 (gH) gene transcription.
DISCUSSION
The convergence of several recent findings has led us to hypothesize that HSV-1 latency is not necessarily characterized by a silent viral genome and a passive host immune system, but rather involves a more dynamic interaction in which viral genes are persistently expressed in some latently infected neurons. Reactivation leading to virion formation might be blocked in such neurons through the activity of a population of T lymphocytes that is maintained in latently infected ganglia (15, 20, 31, 32, 35) . Although this paradigm remains to be definitively established in vivo, our recent findings clearly demonstrate that CD8 ϩ T cells are capable of blocking HSV-1 reactivation from latency in ex vivo TG cultures (15, 18, 19) .
Several investigators have demonstrated that CD8
ϩ T cells and IFN-␥ are constantly present in latently infected TG (4-6, 10, For each viral transcript, PC-corrected data were pooled from all experiments and analyzed using the Student Newman-Keuls test (t tests among multiple sample groups). Since samples with a C T value of 40 were considered to lack transcripts, the relative amounts of transcripts in samples are shown as 40 Ϫ C T . The cDNA values among the group 1 (no ICP0 promoter activity), group 2 (ICP0 promoter activity, but no reactivation), and group 3 (reactivation) neurons are significantly different (P Ͻ 0.01) for all three transcripts. For group 2 and group 3, the cDNA values are significantly different (P Ͻ 0.01) from those of the equivalent no-RT controls. For group 1, there is no significant difference between cDNA and the no-RT control, except for ICP4, which shows a small difference (P Ͻ 0.05). ICP4 and gH genes are intronless, and their primer-probe sets generate marginal measurements for no-RT controls, while the primer-probe set for ICP0 crosses an intron-exon boundary and the no-RT control levels are low or undetectable. 11, 15, 20, 31, 32) . The present study was was undertaken to address the following two questions: (i) can IFN-␥ block HSV-1 reactivation in some or all latently infected neurons, and (ii) at what stage in the viral life cycle does IFN-␥ interfere with reactivation?
We and others (28) have observed that two to six neurons typically show full viral reactivation with virion formation in cultures comprised of the cells from a single latently infected TG, and we have shown that CD8 ϩ T cells can block the reactivation process in these neurons. When the cells obtained from a single TG were divided into 10 cultures, up to 35% of the cultures showed HSV-1 reactivation from latency. The frequency of reactivation was reduced by approximately 50% when cultures were exposed to IFN-␥. It appears, therefore, that half of the neurons that reactivate HSV-1 in ex vivo TG cultures are sensitive to IFN-␥ protection. This selective sensitivity to IFN-␥ might be related to the observed heterogeneity of neurons that harbor latent HSV-1 (41) and the differential expression of IFN-␥ receptors on neuronal subtypes (39; unpublished data). Apparently, CD8 ϩ T cells utilize a different effector mechanism to protect the neurons that are refractory to IFN-␥ protection.
It is important to distinguish the capacity of CD8 ϩ T cells to inhibit the HSV-1 reactivation process from their capacity to respond to the virus when reactivation is complete. To intervene in the reactivation process, CD8
ϩ T cells would need to detect viral proteins in latently infected neurons and produce effector molecules that are capable of inhibiting the reactivation process prior to virion formation. Since IFN-␥ appears to be one of the effector molecules used by CD8 ϩ T cells to block HSV-1 reactivation from latency in sensory neurons, it was of interest to determine what step in the reactivation process is blocked by IFN-␥. To address this issue, we created recombinant viruses that express EGFP driven by the promoters for the ␣ gene, encoding ICP0, and the ␥2 gene, encoding gC. By monitoring ex vivo cultures of TG that were latently infected with these recombinant viruses, we could directly observe the effect of IFN-␥ on the expression of these two promoters during the process of reactivation from latency in neurons.
Our findings clearly establish that IFN-␥ can inhibit expression of the ICP0 promoter during HSV-1 reactivation from latency in neurons, although it is not clear if this reflects a direct effect on promoter activity or an indirect effect through impairment of an upstream event. Protein complexes that activate ␣ gene promoters during lytic infection are composed of viral tegument and host proteins (40) , of which the VP16-Oct-1-HCF complex acting through the TAATGARAT motifs is best characterized. The activation of ␣ gene promoters during reactivation from latency occurs in the absence of VP16, most likely through the action of neuron-specific transcription factors that may substitute for VP16 during HSV-1 reactivation. Using transgenic mice in which ␣ promoters were fused to ␤-galactosidase, Mitchell and colleagues (21) demonstrated that neuronal transcription factors activate the HSV-1 ICP0, ICP4, and ICP27 promoters in vivo in the absence of viral proteins. Moreover, ICP0 promoter activity was significantly increased by both UV irradiation and hyperthermia (stimuli that cause the reactivation of latent virus), while the ICP4, ICP27, thymidine kinase, and gC reporter transgenes were not activated by these stimuli (22, 23) . IFN-␥ regulates the expression of over 200 cellular genes, including many encoding transcription factors (1) . It is reasonable to propose that IFN-␥ might inhibit reactivation in part by reducing the expression of host transcription factors that regulate the production of requisite viral proteins such as ICP0.
We showed a comparable reduction by IFN-␥ of ICP0 and gC promoter activity during reactivation. ICP0 is not required for HSV-1 ␥2 gene expression in nonneuronal cells following infection at a high MOI (3). However, ICP0 is needed for an efficient infection and ␥2 gene expression at low multiplicities of infection, possibly through the manipulation of an interferon response (7) . While ICP0 is a promiscuous transactivator, its role in regulating ␥2 gene expression during HSV-1 reactivation from latency in neurons is not clear. The fact that IFN-␥ comparably inhibited ICP0 and gC promoter expression during HSV-1 reactivation from latency in neurons is consistent with the possibility that ICP0 is required for gC expression during reactivation, although confirmation is required.
We provide additional evidence that IFN-␥ blocks full reactivation in neurons that express EGFP from the ICP0 promoter, and perhaps more importantly, in neurons that express the gC promoter as well as transcripts for another ␥2 gene, encoding gH. To our knowledge, this is the first demonstration that HSV-1 ␥2 genes can be expressed for extended periods in neurons without virion formation. These observations suggest an additional IFN-␥-mediated block of a very late event in viral reactivation following true late gene expression, such as viral protein trafficking to sites of assembly.
Although our data suggest that IFN-␥ can inhibit several necessary steps in the reactivation process (i.e., ICP0 and gC expression and a step after gC expression), other possibilities must be considered. For instance, IFN-␥ might globally reduce viral gene transcription while permitting low-level stochastic expression of a limited array of viral genes that does not result in virion formation. In this scenario, neurons that express gC might not express all other members of the ␥ gene family that are required for virion formation. For example, Everett et al. recently demonstrated stochastic viral gene expression in restrictive nonneuronal cells during a nonproductive infection (8) .
Another interesting and consistent observation from these studies is EGFP filling of nerve axons just prior to the spread of virus to surrounding fibroblasts. Although the explanation for this phenomenon is not clear, it might relate to the observation that the anterograde transport of pseudorabies virus (37) and possibly HSV-1 (24) involves transport of the viral nucleocapsid and glycoproteins by means of distinct cellular transport mechanisms. The late step in HSV-1 reactivation that is blocked by IFN-␥ could involve the inhibition of one of these cellular transport mechanisms that is also necessary for the anterograde transport of EGFP down nerve axons. Although EGFP is thought to diffuse freely through the cytoplasm, it is clearly excluded from the axons of latently infected neurons until shortly before virion formation. The relationship between anterograde transport of EGFP and viral proteins in latently infected neurons is being investigated.
It is noteworthy that a small number of cultures that were not treated with IFN-␥ also showed stable expression of the ICP0 or gC promoter without reactivation. Moreover, the vast majority of neurons that harbor latent virus do not express viral promoters or reactivate in the absence of CD8 ϩ T cells or CD45 ϩ cells in ex vivo cultures. It is clear from these observations that without assistance from the immune system, most latently infected neurons are capable of regulating virion formation even while allowing a limited expression of lytic genes. Indeed, at any given time, only two to six neurons per latently infected TG require immune intervention to prevent HSV-1 reactivation from latency in ex vivo cultures. Nonetheless, this small number of neurons might be of considerable importance in recurrent disease, since the in vivo induction of reactivation results in virus replication in a similar number of neurons (27) (28) (29) 32) . Since stress and stress hormones that are associated with HSV-1 reactivation from latency are known to inhibit T-cell function (2), it is reasonable to propose that recurrent herpetic disease results from a simultaneous failure of neurons and host immunity to control HSV-1 gene expression.
The recurrent nature of herpetic disease in humans results from the reactivation of latent virus in sensory neurons and its shedding at the surface. The recurrent shedding of HSV-1 in the cornea leads to progressive scarring and loss of vision. In immunosuppressed patients, the reactivation of latent HSV-1 can lead to lethal encephalitis. Therefore, understanding HSV-1 gene expression during latency and the factors that regulate it is of considerable clinical importance. Our data suggest that IFN-␥ might prove to be a useful prophylactic agent to prevent recurrent herpetic disease.
